The capacity to regenerate entire body parts, tissues, and organs had generally been thought to be lost in evolution with very few exceptions (e.g. the liver) surviving in mammals. The discovery of the MRL mouse and the elucidation of the underlying molecular pathway centering around hypoxia inducible factor, HIF-1α, has allowed a drug and materials approach to regeneration in mice and hopefully humans. The HIF-1α pathway is ancient and permitted the transition from unicellular to multicellular organisms. Furthermore, HIF-1α and its regulation by PHDs, important oxygen sensors in the cell, provides a perfect drug target. We review the historical background of regeneration biology, the discovery of the MRL mouse, and its underlying biology, and novel approaches to drugs, targets, and delivery systems (see Fig. 1 ).
1. Regeneration -a background [2] The ability to regenerate has many meanings. To some, it means that a stem cell can divide and will be capable of maturing into a long-lived functional cell that is able to replace a non-functional or missing cell. To some, it can mean that a progenitor cell can replace a cell that has a high turn over rate. And it can mean that cells en masse can replace missing tissue.
However, it can also mean that an appendage or an organ with particular architecture and function containing multiple tissue types can be replaced perfectly and then function perfectly. This is known as https://doi.org/10.1016/j.addr.2018.02.006 0169-409X/© 2018 Elsevier B.V. All rights reserved.
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Advanced Drug Delivery Reviews j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / a d d r epimorphic regeneration and is observed in the newt, for example, where a severed limb is completely replaced. Here, there is rapid epithelial covering of the wound and the formation of a highly cellular tissue structure at the wound site known as the accumulation blastema (Table 1) where cells collect, de-differentiate, divide and then re-differentiate to produce mature cells of different lineages [3] .
To review the regenerative phenotype, we have to look back to the 1600's.
Very early interest in the study of regeneration was shown in 1686 where lizard tail regeneration was demonstrated at the Paris Academy of Science [2] and was followed soon after by observations of human fingertip amputation with nail regrowth, crayfish appendage regeneration, and polyps or hydra regeneration by Abraham Trembley in 1744 [4] who showed that these animals could regrow their head and feet.
In 1768, Lazzaro Spallanzani published his extensive studies on regeneration of many organisms such as earthworms, slugs and snails, tadpoles, salamanders, and young toads [5] . This was a period of active studies in both developmental and regenerative biology. Only a few decades after Robert Hooke and Antonie van Leeuwenhoek first described eukaryotic cells, Spallanzani first described the blastema. However, there was certainly no consensus as to where the cells came from that made up this structure. Ultimately, there were four proposed derivations of these cells, the epidermis, mesenchyme, cells from the blood, and reserve cells or cells coming from the remains of missing tissue [3, 6] . It is probably true that there is a contribution from all of the above.
Beyond descriptive studies, a focus on examining patterning of genes and positional information in the field of developmental biology resulted in a comparison to regenerative biology with evidence of many similarities between the two [7] .
More recent and popular studies have continued in animals such as the hydra, which as noted above, can regrow its head and feet and also seems to bud continuously with evidence of immortality [8] [9] [10] . Sea cucumbers can eviscerate and regrow their intestines as a defense strategy against predators [11] . Planaria can be cut into 279 parts and from each of these can regrow into a new organism within weeks through their pluripotent stem cells or neoblasts [12] [13] [14] [15] . Newts and axolotls can regrow limbs, tails, spinal cords and other parts of the nervous system including the eye and optic nerve [3, [16] [17] [18] Also, some of their genomes have been sequenced and genetically engineered animals have been produced [19] [20] [21] [22] . All of these organisms can be said to have a "full parts and labor plan" but mammals seem to be conspicuously absent from the list.
In organisms that show epimorphic regeneration, this means that a process of de-differentiation with the formation of an accumulation blastema contributed by the migration of cell populations and a massive remodeling response, leads to a regrowth of missing parts [3, 17] .
In mammals, there are, however, several examples of epimorphic regeneration. Seasonal antler regrowth appears to display epimorphic regeneration [23] . Also, ear hole wounds in rabbits and holes in bat wings close over the open space [24] [25] [26] . In both cases, a circular blastema filled with cells forms a "donut" at the wound margin and progressively fills the space without scar tissue leading to normal architecture with the formation of cartilage, new hair follicles and glands.
The mouse, of course, is a most desirable animal to study with its wealth of genetic analysis and extensive biological and genomic manipulation. In 1998, the MRL mouse, used mainly for studying autoimmune SLE [27, 28] , was shown to close ear-holes in a regenerative manner similar to rabbits [29] . Subsequent studies by multiple groups showed that this mouse not only displayed regenerative ear hole closure but regeneration of multiple organ tissue types [30, 31] including heart myocardium [32] [33] [34] , digit [35, 36] , articular cartilage [37] [38] [39] , tendon [40, 41] , cornea [42] , retina [43] , peripheral nerves [44] and CNS [45, 46] , myometrium [47] , transplanted skin [48] and muscle regeneration in a muscular dystrophy model leading to much reduced symptoms [49] .
The metabolic status of a regenerative response
There have been several reports of super regenerating vertebrates using a glycolytic metabolic state during a regenerative response as opposed to one that is more focused on OXPHOS. They include studies in newts [50] , axolotls [51] and zebrafish [52] .
The MRL mouse can be added to this list. This mouse was bred from a mixture of mouse strains to retain the gene "cn" for achondroplagia found in AKR mice. These AKR mice were then bred to C57BL/6 (B6) and C3H and finally to LG mice which constitutes 75% of the MRL genome [53] and has been shown to be the main contributor to the MRL regenerative phenotype [54] [55] [56] . These LG/J, MRL/MpJ, and MRL/lpr mice continue to grow with age and could be twice the size of normal mouse strains and put on excess weight. This suggested a metabolic difference between normal mice and these regenerating mice.
To examine such metabolic differences, adult MRL ear pinna-derived cells in culture and tissues from untreated or injured mice showed that their mitochondria had reduced activity with low mitochondrial membrane potentials and low levels of reactive oxygen species (ROS), a byproduct of oxygen metabolism in mitochondria, compared to non-regenerative C57BL/6 (B6) mouse cells. MRL cells, on the other hand, had high levels of lactate, suggesting that instead of using oxidative HIF-1α and HIF-1β. HIF-1α is a basic helix-loop-helix PAS domain-containing protein and is regulated through an interaction with prolyl-hydroxylating PHDs. NANOG. This is a transcription factor found in embryonic stem cells and considered to be a major factor in maintaining pluripotency and self renewal of undifferentiated cells. MRL. The MRL mouse strain is a cross between AKR, C57BL/6, C3H and Large (LG), the latter contributing 75% of its genome to the MRL. This mouse was named after Murphy and Roth (two researchers involved in breeding and using these mice for autoimmunity studies) and the Large (LG) mouse. PHDs. HIF prolyl hydroxylases, also known as EGLNs or prolyl hydroxylase domain-containing proteins are molecules that recognize proline residues in HIF-1α, can then hydroxylate those residues making them targets of E3 ligases, ubiquination, and proteosomal degradation. PHDs have a high affinity for iron (II) and 2 oxoglutarate, forming a long lived complex. RNF-7. This protein is a ring box protein 2 which is an essential subunit of the SKP1-cullin/CDC53F box protein ubiquitin ligase. It binds to the pVHL-HIF-1α complex and is necessary for HIF-1α degradation. SDF/CXCR4. Stromal derived factor 1 (SDF1) is also known as the chemokine CXCL12, it is produced by many tissue and induced by inflammatory signals. It plays a role in angiogenesis by directing endothelial precursors from the bone marrow to the blood vessels. CXCR4 is a receptor for SDF-1. It is involved in mobilization of stem cells from the bone marrow into the circulation. Thus together, they are involved in migration, angiogenesis, and cell adhesion. SOX2. This is a transcription factor essential for maintaining self-renewal of undifferentiated embryonic stem cells and pluripotency. pVHL. The protein von Hippel-Lindau tumor suppressor was identified by mutations in this protein leading to a dominantly inherited cancer syndrome. Its major activity is to act as an E3 ubiquitin ligase along with elongin B and C and cullin-2. It recognizes hydroxylated prolines in HIF-1α and ensures its polyubiquination leading to proteosomal degradation.
phosphorylation (OXPHOS) like B6, MRL mice were employing aerobic glycolysis [57, 58] , the same metabolic state used by stem cells, embryos, and cancer cells [59, 60] . One molecule known to be responsible for such an unusual basal adult metabolic state is HIF-1α [61] . HIF-1α is constitutively made by cells, found in the cytoplasm, and rapidly degraded under normoxic conditions. Since its protein expression is regulated by oxygen levels, molecules sensitive to such oxygen levels, mainly EGLNs or PHDs, recognize and hydroxylate proline residues in HIFαs, which are then recognized by pVHL and its E3-ligase complex which provides a ubiquination signal leading to proteosomal degradation. Thus, the stability of HIF-1α protein is clearly reduced. If HIF-1α survives, it moves from the cytoplasm to the nucleus, binds to HIF-1β and functions as a transcription factor, binding to HIF-responsive elements (HREs) found in the promoters of a very large number of genes related to energy metabolism, angiogenesis, vasculogenesis, cell migration and survival [86] .
Since previous data had shown that the MRL mouse used a glycolytic metabolism, we examined HIF-1α protein levels in this mouse during healing using western blot analysis and immunohistochemistry of earhole tissue. MRL mice did express higher levels of HIF-1α compared to non-regenerating C57BL/6 mice. Si-RNA to HIF-1α (siHif1α) in vivo could completely block the regenerative response, indicating the necessary involvement of HIF-1α in epimorphic regeneration [62] . Furthermore, this elevation of HIF-1α led to increased nuclear transcriptional activation and elevation of genes associated with aerobic glycolysis, vasculogenesis, tissue remodeling, and migration [62] .
HIF-1α: a gatekeeper of regeneration
Since HIF-1α is required for ear hole closure, what are the potential functions it affects? One important function of HIF-1α is its role in dedifferentiation [62] [63] [64] [65] [66] [67] [68] , a major characteristic of the regeneration blastema [3, 17] . Cultured regenerating MRL cells express high levels of NANOG ( Fig. 2A) and many other embryonic stem cell markers, likely due to chromatin remodeling and a de-differentiative state [60] . However, we had seen this previously [57] where high NANOG mRNA and protein expression levels as well as SOX2 and ISLET1 were found in MRL but not B6 cardiac tissue pre-injury (MRL: B6 levels = approx.50:1) and post-injury (MRL:B6 = approx. 420:10) (Fig. 2B) , consistent with the regeneration phenotype [57] . The role of HIF-1α in NANOG expression levels was tested in cultured MRL ear fibroblasts by treating those cells with siHif-1α. Immunostaining for NANOG showed that siHif1α led to the subsequent elimination of NANOG staining ( Fig. 2A) [62] .
Punched ear holes in the MRL mouse displayed a biphasic HIF-1α expression pattern in which HIF-1α protein levels rose after injury over a 2-week period and this phase was associated with the expression of dedifferentiation markers in-vitro and in-vivo [62] . After those two weeks, as HIF-1α levels declined, wound site tissues underwent a re-differentiation process with characteristic mature cell markers [62] .
What might be causing this HIF-1α response? Are the oxygen levels more pronounced in these mice? In studies to map genes involved in the regenerative MRL (LG) response [55, 56] , one candidate gene Fig. 1 . OVERVIEW (in color) A) Eukaryotic single cell organisms with mitochondria (i.e. yeast, far left panel) prospered using plant-derived glucose and atmospheric oxygen to efficiently generate ATP. This allowed further evolution to metazoans or multicellular life (i.e. hydra and sponges, middle panels). High oxygen levels present problems for cells and therefore must be regulated. The toxic properties of oxygen are regulated by PHDs and HIFα's where with high O2 levels, PHDs are active and hydroxylate HIFα prolines leading to HIFα degradation with a concomitant oxidative phosphorylation metabolic state, increased differentiation, and reduced proliferation [87] . With low levels of O2, leading to hypoxic conditions, PHDs are inactive, HIFα prolines are not hydroxylated and HIFα is not degraded and shows increased protein levels (stable HIFα). HIFα now can move into the nucleus, and together with HIF1β, acts as a transcription factor activating genes specific for the glycolytic metabolic state, cell de-differentiation, amino acid, DNA, and lipid synthesis and enhanced cell proliferation. The regenerative MRL mouse (far right panel) during regeneration displays a biphasic response. Phase I (da 0-14 post injury) shows characteristics of a low level O2 state with high levels of HIFα, increased de-differentiation and proliferation. This is followed by Phase II (da 15-30 post injury) in which a higher O2-type response with decreased HIFα, re-differentiation, and reduced proliferation are seen. Both Phases appear to be necessary to achieve a full regenerative healing response, first breaking down tissue and then rebuilding it [62, 86] . B) To recreate regeneration in non-regenerating mice, a delivery system using crystallized PHD inhibitor (1,4-DPCA) encapsulated in a PEG hydrogel (G d ) slowly releases drug C) which is given at multiple timepoints (da 0, 5, and 10) to induce a Phase I response. As drug levels decline by day 15, Phase II ensues, D) resulting in a 30 day regenerative complete ear hole closure response identical to that observed in the spontaneously regenerating MRL mouse. Gel without drug shows little healing (G 0 ). (from Zhang [62] Fig. 4) . associated with regenerative responses provided another major clue to what might be happening in these mice. This molecule is RNF7, part of an E3-ligase complex necessary for HIF-1α degradation [69] , which functions along with the pVHL-containing E3-ligase complex. The MRL (LG)-derived RNF7 shows non-coding sequence differences, with both MRL(LG) RNF7 mRNA and protein being poorly expressed compared to a non-regenerative mouse [56] in both normal and injured mice. Thus, it is possibly not an issue of oxygen, per se, rather it may be that HIF-1α is stabilized in MRL mice due to a defective degradation pathway via RNF7, at least in part, and the HIF-1α/1β complex transcription factor then goes on to activate the genes necessary for the regenerative program.
PHDs: a target for HIF-1α regulation
Prolyl hydroxylase domain proteins (PHDs) are molecules that appeared early in complex organisms and could sense the level of oxygen and regulate effective cellular oxygen levels through the degradation of HIF-1α's, among other targets. PHDs regulate HIF-1α degradation by hydroxylating prolines in the ODD region of HIF-1α which can then be recognized by pVHL, an E3 ligase subunit. A second E3 ligase containing RNF7 must also bind [69] . HIF-1α is then ubiquinated and subsequently proteolyzed (Fig. 3) . Three PHD isoforms have been identified and are distinguished by their ability to hydroxylate HIF-α's differentially [70] . Much work has been carried out identifying PHD inhibitors leading to stabilization of HIF-α's with the potential of regulating EPO, a HIF target [71] , for example. The obvious question is whether we could induce regeneration by the simple modulation of the key oxygen regulator/sensor PHD using the known PHD inhibitor, 1,4-dihydrophenonthrolin-4-one-3-carboxylic acid (1,4-DPCA) [73] .
5. The delivery of a PHD inhibitor to induce an epimorphic regenerative response 5.1. Development of a hydrogel delivery system for 1,4-DPCA 1,4-DPCA is a poorly soluble drug and presented some challenges for delivery. We ultimately achieved successful injectable in-vivo delivery of 1,4-DPCA by embedding polymer-coated 1,4-DPCA crystals (Fig.  4A ) in a polymer hydrogel system composed of branched PEG precursors containing N-hydroxysuccinimide (NHS) activated ester and N-terminal cysteine (N-Cys) endgroups (Fig. 4B) [72] . This hydrogel system exhibited rapid post-injection gelation by native chemical ligation (NCL) under physiological conditions, good biocompatibility, and other favorable properties for in-vivo use [72] . Drug-loaded hydrogels were formed by suspending polymer-stabilized 1,4-DPCA microcrystals in an aqueous mixture of PEG precursors, which solidified in less than one minute to entrap the drug microcrystals within the hydrogel. In- vitro drug release studies demonstrated the delivery of 1,4-DPCA from the NCL hydrogel over several days (Fig. 4C) .
1,4-DPCA/hydrogel delivered to non-regenerative mice leads to a regenerative response
Although there are many known stabilizers of HIF-1α, the drug 1,4-DPCA was chosen due to an earlier report of in-vitro inhibitory activity on PHDs [73] . The 1,4-DPCA containing hydrogel described in Fig. 4 proved to be a convenient delivery vehicle for 1,4-DPCA because it exhibits a brief liquid state that facilitated injection of the material into tissue by syringe and needle. The drug delivery system was first tested invitro in a cell assay and shown to stabilize HIF-1α followed by an in-vivo test. In this regard, non-regenerating Swiss Webster (SW) mice, which do not close ear holes, were injected with a single subcutaneous dose of 1,4-DPCA/hydrogel, resulting in high HIF-1α levels that subsided by day 5. To mimic MRL HIF-1α levels, a single injection was given once every 5 days (day 0, 5, and 10). A complete ear-hole closure response [62] (Fig. 5) ). In B, mRNA from B6 cells from A post G 0 and G d treatment showed the activation of HIF-1α target gene transcription (from Zhang [62] (Fig. 3) ). In C, expression of NANOG, OCT3/4, and WNT5A in ear holes from Swiss Webster (SW) mice treated with hydrogel, G 0 (upper panels) or 1,4-DPCA/hydrogel, G d (lower panels) show invivo de-differentiation effects by 1,4-DPCA [62] . was seen in these mice (see Fig. 1D ). Animals were injected subcutaneously once with 0.1 ml at each time point into adjacent sites at the back of the neck. Controls (G o ) were given hydrogel alone, and experimentals (G d ) were given hydrogel +0.2 mg of crystallized drug. Under these conditions, ear-hole closure was achieved in SW mice. These data strongly support the central role of HIF-1α in the regenerative capacity of MRL mice and, moreover, demonstrated that the 1,4-DPCA/hydrogel can be used as a means to confer a similar regenerative ability to non-regenerating mice.
5.3. 1,4-DPCA/hydrogel induces de-differentiation as shown by markers invitro and in-vivo, which could be blocked by siHif1α
As mentioned above, it has been shown that a glycolytic metabolic state is maintained by pluripotent embryonic stem cells in the embryo that, upon differentiation, switch to oxidative phosphorylation [59] . Adult quiescent mesenchymal and hematopoietic stem cells also use a glycolytic metabolism [59, 60] like that used by adult MRL mice [62] , other animal models of regeneration [50, 51] , and surgical wounds [74] . The finding that de-differentiation of mature cells occurs under a hypoxic environment and elevated HIF-1α has been previously reported [65] [66] [67] [68] .
We found that untreated MRL mouse ear tissue and ear tissue-derived cells, under standard culture conditions, show an unusual expression of a range of diverse stem cell markers both in vitro and in vivo, including NANOG, SOX2, OCT3/4, CD34, and CD133, all pluripotency markers (Fig. 5) . It should be noted that these markers were not observed in ear tissue or cells from non-regenerating B6 or SW mice. However, HIF-1α stabilization by the 1,4-DPCA hydrogel in B6 and SW earderived cells led to an increase in all of these differentiation markers, although only transiently.
Future opportunities for biomaterials in drug-induced tissue regeneration
A key 'part' of the 'full parts and labor plan' for tissue regeneration is a delivery system capable of sustained delivery of a HIF-1α agonist/PHD antagonist. Hydrogels have many attractive properties for drug delivery, however achieving high loading, homogeneity and controlled release of drugs can be difficult [75] . The poor solubility of drugs like 1,4-DPCA in aqueous media represents a further challenge for controlled delivery from a hydrogel because of limited solubility within the hydrogel. The system described above is an example of a hydrogel drug delivery system that shows significant promise despite a simple approach to entrapment of drug microcrystals within a hydrogel. Future improvements of both ear hole closure as well as examples of other tissue regeneration may be realized through the implementation of novel concepts in drug delivery systems. For example, tailoring of drug release kinetics may be afforded by new molecular designs that integrate both delivery system and drug in a unified way, such as through the use of polymer pro-drugs. In polymer pro-drugs, the drug is integrated into the molecular design of the delivery system and linked to the polymer delivery vehicle via a chemical linker capable of hydrolytic cleavage to release the drug.
In some cases, manipulation and extension of drug release times can be accomplished by utilizing coulombic or weak intermolecular interactions between drug components in polymer prodrug systems [75, 76] . Such noncovalent interactions can be used to drive gel formation, disruption of the gel under shear as the gel passes through a needle during injection into a tissue, and dynamic re-association of the disrupted gel by the same intermolecular interactions. Only a handful of reports describe prodrugs that self-assemble into nanofibrillar gels, most of which are for cancer drug delivery [75] [76] [77] [78] [79] [80] . In the case of 1,4-DPCA specifically, our own efforts are providing early evidence that polymer prodrugs can be used in this way. We are developing a drug-polymer conjugate that spontaneously forms drug-filled nanofibrils due to the disparate polarities of the drug (nonpolar) and polymer (polar) (Fig.  6) . Our early studies show that an aqueous suspension of nanofibrils injected subcutaneously produces a regenerative response in nonhealing mice that is reminiscent of the MRL mouse. Further refinement of this and similar systems may lead to new clinically relevant regeneration therapies.
Other targets, other systems
Besides HIF-1α, we previously showed that the cell cycle checkpoint regulator CDKN1 or p21 cip/waf when genetically eliminated from mice induces regeneration [81, 82] . These p21knockout (p21KO) mice show many characteristics similar to HIF-elevated mice and we are currently examining the interactions between HIF and p21 during regeneration. A second study [83] has also shown that p21KO mice can regenerate ear holes. This is accompanied by a reduction in the normal expression of SDF, a molecule known to interact with CXCR4, and a reduction in CXCR4-positive cells at the wound site. Using the drug AMD3100 [84] , a CXCR4 antagonist which can block the interaction of SDF and CXCR4, ear hole closure is significantly though partially enhanced showing the importance of such interactions. A very recent study using a KO mouse for the gene ASK1 or apoptosis signal regulating kinase1 has also shown ear hole closure [85] . Furthermore, NQDI-1, a drug inhibitor of ASK1, can be applied to the ear hole topically and will lead to partial . The x-axis shows untreated mice, and mice injected with 100 μl (100 μl) or 50 μl of nanofiber gel.
ear hole closure. Interestingly, p21 is down-regulated in the ASK1KO mouse. Thus, the underlying mechanisms in ASK1 down-regulation may be related to both p21 loss and HIF up-regulation. This nascent field with multiple drug targets is only the beginning of drug-based regulation of regeneration in mammals.
Conclusion
The new understanding of the central role of HIF-1α as a gatekeeper of mammalian regeneration opens up many possibilities for a drug approach to treat loss or damage of tissues and organs. It points to downstream targets as well. New and improved drug moieties and biomaterials may insure that future patients will have a "full parts and labor plan".
